We demonstrate mid-infrared electroluminescence from intersublevel transitions in self-assembled InAs quantum dots coupled to surface plasmon modes on metal hole arrays. Subwavelength metal hole arrays with different periodicity are patterned into the top contact of the broadband (9 -15 µm) quantum dot material and the measured electroluminescence is compared to devices without a metal hole array. The resulting normally directed emission is narrowed and a splitting in the spectral structure is observed. By applying a coupled quantum electrodynamic model and using reasonable values for quantum dot distributions and plasmon linewidths we are able to reproduce the experimentally measured spectral characteristics of device emission when using strong coupling parameters.
INTRODUCTION
Quantum cascade lasers (QCLs) have emerged as an attractive solution for room temperature mid-infrared (mid-IR) light sources over the past decade 1 . Some common applications of these sources include laser spectroscopy in the mid-IR where molecular gases and liquids have strong absorption resonances 2 , free space optical communication 3 , and optical countermeasures 4 . Although the development of quantum well based QCLs has provided compact and robust mid-IR light sources, performance can still be improved and functionality can be expanded. For example, it has been shown that QCLs placed in a magnetic field perpendicular to the growth plane exhibit, at certain fields, significant increases in efficiency due to the additional quantization from the formation of Landau levels. In a similar fashion, in a three-dimensionally confined quantum structure, such as a quantum dot (QD), relative nonradiative recombination rates decrease due to the reduced phase space for available transitions and can potentially enable more efficient device operation.
Unlike their quantum well counterparts, unipolar QD structures are not restricted to in-plane polarizations and can also emit radiation normal to the growth surface without the need for special coupling structures. There has been a great deal of interest in coupling active media to surface plasmons in order to tailor absorption and emission characteristics. In the case of electrically pumped quantum engineered materials, these problems become particularly interesting as one now has interplay of tunneling and transition rates combined with the physics of coupled oscillators. Here, we present self assembled InAs QD-based mid-IR emitters coupled to surface plasmon (SP) excitations on metal hole arrays and demonstrate strong coupling resulting in a clear Rabi splitting in the emission spectrum.
EXPERIMENT
The InAs QDs were grown in GaAs/AlGaAs heterostructures that were designed to maximize current injection into dot excited conduction band states while removing electrons from the ground states within the conduction band; a similar approach to that of QCLs, but using dots instead of wells as the active region. The conduction band profile of this material, which is grown on a n+ GaAs substrate, is shown in Figure 1 . A detailed account of the material growth and characteristics was reported in a elsewhere 5 . The mid-IR electroluminescence from intersublevel transitions in self-assembled InAs QDs is demonstrated using both an open area metal contact (reference device) and metal hole array as a top contact. The plasmonic mesh patterns are designed for extraordinary optical transmission (EOT) 6,7 at 9, 10, 11 and 12 μm when fabricated on an undoped GaAs substrate. The devices were fabricated using standard processing techniques consisting of photolithography, metal deposition and liftoff. The meshes, consisting of an annealed Pd/Ge/Au (30/45/150 nm) film, were designed to have a square lattice of circular holes. The center to center spacing for the 9, 10, 11, and 12 μm mesh designs was 2.8, 3.0, 3.3, and 3.6 μm, respectively, and the diameter of the holes was 1.4, 1.5, 1.6, and 1.8 μm, respectively. A device designed for 10 µm emission where the top contact consists of a perforated metal hole array. The surrounding metal contact and left and right side pads are not physically connected to the central contact hole array. In both styles of devices, current is sourced between the top contact areas described and a bottom contact through the doped substrate.
Images of devices with top contacts consisting of an open areas (window-style) and a hole array for the 10 μm design are displayed in Figure 2 (a),(b) respectively. The electroluminescence from the samples was collected at normal incidence using f4 optics and measured on a Bruker V70 Fourier-transform IR spectrometer operating in amplitude modulation step-scan mode with a resolution of 32 cm -1 . Samples were mounted in a liquid nitrogen cooled cryostat, and spectra were collected for pulsed operation at 40 kHz repetition rates and 40% duty cycle.
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RESULTS AND DISCUSSION
The 77 K electroluminescence from the reference device and the 9, 10, 11, and 12 μm mesh contact designs are displayed in Figure 3 . As one might expect due to the basic filtering nature of EOT structures, the mid-IR emission for each of the mesh devices exhibits a narrower linewidth spectrally aligned close to the designed EOT transmission wavelength. However, upon closer inspection, one can clearly see a distinct emission null that has developed near the middle of the expected passband. In Figure 3 , the emission spectra shown for the 9 µm device is somewhat noisy due to the relatively low emission intensity of our material at this wavelength. As we move to the 10 µm device shown in Figure 3 , one can see similar general characteristics with a sharp null centered at around 9.75 µm. Moving to the 11 µm device of Figure 3 , the trend clearly continues with the null feature now moved to 10.67 µm. For the longest wavelength design, 12 µm, shown in Figure 3 , the central emission peak has again moved, however, the distinct emission null now only shows up as a slight feature on the high energy side of the main peak. Normal incidence reflection from 10 µm mesh device compared to emission spectra. The reflection was referenced to the reflection from the large unpatterned contact metal area surrounding the mesh portion of the device. The large dip in the reflection coincides to the location where one normally has high transmission in an EOT geometry. The spectral null in the emission of the 10 µm device is located on the high energy side of this feature where propagating plasmon modes have been observed. In order to better understand the origin of this unique mid-IR emission behavior, it is important to determine the spectral location of the observed emission null with respect to the more familiar EOT structure of metal hole arrays. Since the quantum dot material is grown on doped GaAs substrates, it is not possible to perform direct transmission measurements on these devices. However, in previous work on metal hole arrays, complete spatial and spectral mapping of similar structures has been performed and we can use reflection measurements to correlate emission features with specific excitations on the hole array based on those results. The normal incidence reflection at 77 K for the 10 μm EOT mesh was measured and is displayed in Figure 5 . Here it is shown that the emission null from the 10 µm device lies on the high energy side of the reflection minima. In the mid-IR regime, for very similar mesh geometries on GaAs, it was shown that the surface plasmon wave propagates on the high energy side of this minimum 8 . This implies that the dip in the emission spectra most likely represents the Rabi gap due to surface wave coupling to QD intersubband transitions. The emission dip can be seen on the high energy side in the 9, 10, and 11 μm electroluminescence spectra. In the 12 μm spectra, a slight dip was observed on the falling edge of the emission. This is likely related to the same phenomena as in the shorter wavelength devices, however, the normal incidence emission null may simply be less pronounced due to free carrier absorption 5 , Error! Bookmark not defined..
In multiple configurations, evidence of strong coupling between surface plasmons and excitons has been characterized by a resonance anticrossing 9 . This behavior is typically observed in transmission or reflection measurements where the interacting medium is implemented as an absorber 11, 12 . Our particular situation is complicated because we are dealing with electrically pumped emission of an inhomogeneously broadened active medium. To address these issues, we have developed a quantum electrodynamic model to simulate the entire spectrum of the plasmonic coupled devices 13 . As shown in Fig. 5 , by applying this model to the 10 µm device, we obtain good agreement with experimental data. The emission null observed in our emission is adequately described with a Rabi frequency of 4.71 × 10 12 s -1 which indicates that we are operating in the strong coupling regime. We finally make a direct comparison between signal amplitudes of the reference and mesh contacted devices. The normalized emission at 77 K for the reference and 12 μm mesh devices is displayed in Fig. 6 . Since different amplifier sensitivities were used for each of the devices, the electroluminescence spectra for both devices was normalized. While at these signal levels, it is difficult to state an accurate output power, it is evident that the noise of the reference device is significantly larger than the EOT mesh noise. Thus, the signal-to-noise ratio for a single EOT mesh device was ~ 4 times greater than multiple reference devices. To determine any enhancement due to surface plasmon coupling, another study must be carried out that investigates the potential enhancement from current spreading. Normalized Emission Wavelength (μm) Figure 6 . The normalized emission from the reference device and the 12 μm mesh design measured at 77 K. The signal-to-noise ratio is higher by a factor of 4 for the mesh compared to the reference device.
CONCLUSIONS
In conclusion, we have demonstrated electrically pumped intersublevel mid-IR emission from a QCL-like InAs QD vertical emitters coupled to a metal film with arrays of subwavelength apertures. Electroluminescence from devices coupled to meshes of varying periods was demonstrated where the peak emission wavelength was selected by the mesh periodicity. Moreover, strong coupling between the QDs and SP modes on the metal hole array resulted in distinct spectral splittings that we identify as anticrossed resonances. The coupling of nanostructures to plasmonic elements is both scientifically interesting and technologically important as it may offer a path towards enhanced interaction with active media for both emission control and sensing.
